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OBJECT: Study of thermal equilibrium coatings
for use with concentrator type solar
photovoltaic converters with particular
emphasis on spectrally selective reflec-
tive coatings of the multilayer inter-
ference type.
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Section 1
PURPOSE

Fhotovoltaic conversion of solar energy for muxiliary power in space
vehicles 1s, at present; the most practical source of auxiliery powver
of thie type and is, essentially, the only proven method. Current
sprce programs rely almost exclusively on photovolteic conversion by
sllicon solar cells for all but the shortest of space flights.
Similarly, silicon cells can also be employed for the conversion of.
solar energy to electrical energy in earth-bound applications.

In general, our purpose 1is to improve the design of silicon cell
power systems by improving the dependability and performance and by
reducing the cost. The following three factors contribute to the
efficiency of conversion of solar radiant energy to electrical energy
by silicon solar cells:

1. the performance characteristics of the silicon sclar cell,
2, the radiation incident on the solar cell, and

3, the heat transfer enviromment of the silicon solar cell.

The photovoltaic cell performance "characteristica” refer to curves
showing electrical power , current, and voltage output data as
functions of:

1. the total intensity of the incident radiation,
2, the spectral distribution of the incident radiation, and
3, the cell temperature.

The incident radiation can be described in terms of the total intensity,
the spectral distribution; and the angle of incidence upon the photo-
vaoltaic cell assembly. The heat transfer enviromment of the photovoltalc
cell is important since there is consideradle reduction of sclar cell
conversion efficiency with increasing cell temperature.
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This particular program is concerned with the use of concentrated an&
filtered solar radiation on silicon photovoltaic cells in solar power
systems. The application of concentrating mirrors can, under certain
conditions, contribute significantly to the reduction of weight and

cost for photovoltaic solar energy conversion systems. Since the major
problem encountered with the application of concentrating mirrors in
photovoltaic conversion devices is that of temperature control, optical
coatings cey be of great importance in a unified design of & concentrating
photovoltaic conversion system. It is anticipated that the filtering
produced by such coatings will afford important increases of power out-
put per cell by rejecting radiations which mostly heat the cells and by
accepting only the radiations which most advantageously yleld power out-
put. Thus, the investigation and development of spectrally selective
multilayer interference filters to provide optimum-reflection bandwidth
coatings for concentrator surfaces is of primary importance.

Optimum coatings for concentrator systems will, to a large extent,
depend upon the system configuration and the properties of cells.
Therefore, in addition to the development of coatings for concentrators,
this effort will include cell and system studies directed towards the
integration of the coatings into actual concentrating systems, including
investigations of thermal and insclation effects on silicon cell
conversion efficiency and consideration of design parameters for an
optimum concentrating photovoltaic solar energy conversion system.

In order to arrive at the optimum spectral characteristics for coatings
to be used for solar concentrating systems, it.is necessary to accurately
determine thermal and current degradation of solar cells. Recent data
indicates that the latest cells may be improved in these respects as
compared to early cells and moreover that at high insolation the thermal
effects may be different from those at lower levels of illumination.
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The resulis of these investigations will be used to determine the optimum
temperatures and concentration ratios for silicon solar cells. The spectral
responses ¢f the latest cells at this elevated temperature will be used to

determine the ideal system spectral characteristics. Experimental mirror

filters approaching these idealized characteristics will then be fabricated

and tests will be made to evaluate the results, within the limits of test

oy oy NN BB B

capabilities in the laboratory and on Table Mountain.

As previously stated, application of concentrators to photoveltaic solar

—

energy conversion systems can, when properly designed, result in savings

in two important system parameters, cost and weight. Since the efficiency

|

of presently available photovoltaic energy-converting devices is decreased

by highly concentrated insolance,* a reduction in the subteuded area of

————
1

the system will not be simultaneously achieved. However, turther develop-
ment effecting changes in the efficliency characteristics of such devices

?5 may permit the achievement of subtended-area reduction in the future.

The power output from a solar auxiliary power system is determined by the
overall converter efficiency and the intercepted radiative flux. For the
same insolance (near Earth), the area of the concentrator photovoltaic
. system will be greater than for the conventional arrangement, both because
i of collection and reflection losses in the concentrating optics and the
greater thermal and series resistance degradation in the conversion devices.
A reduction in cost can, however, be realized if an essential decrease in
)i the uumber of solar cells applied can be achieved, so that the savings in
solar cell costs will outweigh a potential additional cost of the
ii retlecting surfaces. A reduction in the weight of this system may also be
ob tained, since the reflecting surfaces can be of lightweight materials
]: and design. This advantage is particularly important for systems

* A, Herchakowski and E. Kittl, "Design Considerations for a Photcvoltaic
+ onversion System Using Concentration" (Proc. 15th Ann. Power Scurces
Cenf., May 9-11, 1961), pp 120-12k4,

1-3
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oparatin: in strong radiation fields, where heavy quartz or glass

must be used for shielding. On the other hand, a concentrator system
requires orientation, although such orientation need not be close
because of the relatively low concentration ratios. Thus,in order to
design the solaer cells, filters and concentrators in a photovoltaic
cell solar power system and to evaluate the cost and performasnce of the
system, it 1s necessary to consider the entire power system.

The performance studies of the entire solar power system of the first
six months of the contract work period will lead to the formulation
of specifications for reflecting, or mirror, fiiters; such filters
can be fabricated by depoeiting spectrally selective optical coatings
on glass substrates. In accordance with the contract statement cf
work, Sa.mples of such filters will be fabricated and evaluated.
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SECTION 2

ABSTRACT

Tue use of conczentrated and filtered solar radiation on gilicon photo=-
volitaiz cells in solar power systems was investigated a:z a method of
improvirg the performence and of reducing the weight and cost of such
gystems. Ir counection with this study, the develcpment of =spectrally
selective multilayer in;erference filters was undertaken. Since Sptimum
coalings for concerntrator systems will depend upon the system configura=
tion aud the properties of the silicon solar cellg, ir order to conduct
a performance analysis of a system witn concestration and filtering,

it wax [irst necessary to study the performance of the entire system

a3 well ag the performance characteristics of solar cells and filters.
Tre investigation indicated that the efficiency of concentraiion
sbtairable with a reflection filter depends strongly upon tre spectral
propexrt.ies of the filter. On the basis of these studies, elementary
corditions of system design for ortimum performance were established.
Aizc & bhasic plan was outlined for fabrication of a prototype solar

system with concentration and filtering.

Following there analyses, filter performance characteristics were
evalusted and specifications were formulated for suitsble experimental
mirror filters which might be fabricated to provide the desired
concentration and filtering. Experimental mirror filters were then
fabricated and data was obtained on the effect of such mirror filters

on solar power system perfornance.

It can be conciuded from this Investigation that the use of con-
centration and filtering can afford valuable improvements in the cost
and welight of solar power systems by increasing the power per cell.

am,'_u .
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SECTION 3

PUBLICATIONS, REPORTS AND CONFERENCES

The foeilowing publications, reports and conferences have resulted
directly from research and development by Spectrolab under Contract
Nu. DA 36-039 SC0-87449 during the report period 1 June 1961 through
10 September, 1962. (There were no lectures resulting from this

work. )

Putlications and Conferences.

A pepsr ‘Fhotovoltaic System Using Concentrators" was presented by

J.5. Lelsenring at the Sixteenth Annual Power Sources Conference at
Atiant:. City, N.J. This conference was held 22-24 May 1962 under

the sprusorshiip of the Power Sources Division, U.S. Army Signal Research
and levelupment Laboratory of Fort Monmouth, N.J. The paper will also
appear in the '"Proceedings of the Sixteenth Annual Power Sources

Confe »ence" scheduled for publication in October, 1962.
keports.

Monthly Letter of Progress reports for the report period have been

submitted as follows:

Reports No. 1 - 7 for June, 1961 through December 1961, respectively;
Reports Nc. 8 - 15 for January, 1962 through August,1962, respectively.

Also, two semi-annual reports were submitted, i.e. Technical Summary
Report No.1, 1 June 1961 through 30 June 1961 and Technical Summary
Repert No.2, 1 July 1961 through 31 December 1961.
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Task A.

Section &

FACTUAL DATA

Performance Studies of Bolar Power System Using Silicon Cells

Phase 1. An Elementary Study of Solar Cell Performance with
Radiation Concentration and Filtering.

The analysis of this section is based upon cells which are
typical of those in pro@uction during 1960. The particular
cell which is the subject of this study will be designated
"1960 non-gridded red cell". The spectral sensitivity of this
cell is shown in Fig. 1. The cell was covered with a Solakote
"AY filter for the improvement of its emissivity and absorp-
tivity. The spectral emissivity of the "1960 non-gridded red
cell" with Solakote "A" filter is shown in Figure 2. The
performance of the "1960 non-gridded red cell" for conditions
of deep space under air-mass-zero insolation (see Fig.l) was
determined using the following a;;ulple approximations of the
radiative heat transfer properties of the cell and panel
surfaces:

Cell surface-ares utilization 0.90
Coated-cell emissivity 0.87
Coated-cell solar absorptivity 0.91
Effective emissivity of non-active

front panel surface 0.65

Effective absorptivity of non-

active front panel surface 0.20

Rear panel surface emissivity 0.90 "

Thermal conductance from front

panel surface to rear panel surface o°

The relative performance of this cell as & function of tewpersture
is shown in Figure 3.

Under the above~described conditions, the equilibrium
4 .

-1
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temperature would be 317°K at unity concentraticn ratio
for cells having an efficiency of ten percent. Fig. &
compares the curve of equilibrium temperature as a
funcrion of incident energy for ten-percent efficient

bare cells with th: same data for Solakote “A" coated
cells of ten-percent efficiency Also, using the afore-
mentioned approximetions, curves of the equilibrium
temperature; the thermal degradation (i.e., the relative
efficiency) and the relative output of 1960 non-gridded
red cells having Solekote "A" filters were obtained as
functions ¢f the incident energy and are shown in Figure 5.
The saturation effect of high irradiation on the per;
formance of silicon cells was neglected in computing these
curves The relstive output curve indicates that the cell
output rises rather slowly with incident energy and reaches
e ¥road peak at approximately 310 mw/cm2 incident energy,
at which point the equilibrium temperature of the cell

- 1s 387°K. At incident energies exceeding 310 mw/cme, the

output decreases with increasing irradiation.

The performance curves shéwn in Fig. 6 as functions of
incident energy, but at constant cell temperature, indicate
that output efficiency will be further degraded at high
i1lumination levels. As will be indicated later, this

is due to cell series-resistance.

In Fig. 5 it is shown that for an achromatic concentrator,
a maximum output gain of only about 28 percent 1s

achieved at an energy concentretion ratio of 310/140 = 2.2,
and an area concentration ratio of 2.2/rs, where "r" is
the concentrator reflectance and “s" 1s the area utiliza-
tion factor. Since the solar cell has varying spectral
sensitivity and’an approximately constant absorptivity
over the spectral range of the incident radiation, an
additional gain can be achieved by concentrating only the
part of the spectrum which is most active in producing

b2
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electrical power and by eliminating the regions for which the thermal
degradation predominates.

It is clear from basic considerations that under the conditions
described, the maximum output for such a cell array (using 1960
non-gridded "red" cells) would result from monochromatic irradiation
at a wavelength of about 820 mu and an intensity of about 310 mw/ cm2
(1ignoring saturation effects). For truly monochromatic light, this
would require an infinite concentration ratio. Fortunately,
suitably reducing the concentration ratio does not great affect

the output.

An analysis of cell output as & function of area concentration ratio,
assuming 310 uxir/c:m2 incident energy on the cell, was made by varying
the bandwidth transmitted to the solar cell. The results of this
analysis presented in Fig. 7 show that by spectral selection and
concentration it is possible, in an ideal sense, to increase the
cell output from 1.28 to 3.04 times that of a coated, oriented,
non-concentrated and, substantially, non-filtering system. Thus,
the relative output is reduced by only 4 percent for a reduction

" in concentration ratio from infinity to 10. Therefore, the physical

factors with respect to size, weight, tracking accuracy, and
mechanical and opticel design (to provide uniformity) which are
associated with large concentration ratios, and which contribute

to some of the major advantages of photovoltaic solar conversion
as compared to other solar energy power sources, are still valid
for a photovoltaic system with filtering and concentretion which is
associated with a low concentration ratio.

There are negligible gains, and in fact, disadvantages for area con-
centration ratios greater than 10. However, the relative output falls
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off rapidly as the area concentration ratio is reduced below 10.
For an area concentration ratio of 7, the relative output is

down to 2.64, 13 percent below the maximum. The desirable
concentration ratio for a given problem would be the result of a
compromise obtained by evaluating numerous factors, e.g.,
complexity, reliasbility, orientation requirements. For the
particular cells and heat transfer environment used in the
snalysis, the optimum concentration ratio will lie between 2.2
and 10. The results of this preliminary and elementary analysis
are summarized in Table 4-I. An important conclusion from these
results is that the maximm silicon solar cell output obtained
with radiation filtering and concentration, in the deep thermal
enviromment, is about three times the output obtained without
filtering and concentration. This maximm of power output under
these conditions is due to the opposite effects of the increase
of power due to illumination and the degradation of power by cell
heafing. Of course, if by some means this cell heating is limited
as the cell illumination is increased, the maximum silicon solar
cell output is much higher and will be limited most probebly by
cell series-resistance.

It should be emphasized that the foregoing conclusions apply to
the "1960 non-gridded red cell”, for which the cell series-
resistance has been neglected. In addition, these conclusions
are based on the heat transfer envirorment of deep space. In
ground applications of solar power systems it is necessary to
also consider radiative heat transfer from the sky and terrain
as well as heat transfer by convection to the atmosphere, in
determining photovoltaic cell temperatures.




Phase 2. Further 8tudies of Solar Cell Performance with Radiation
Concentration and Filtering.

(a) System Configuration.

For these studies, the solar power system is a Cassegrainian
configuration of primary and secondary mirrors with an arrsy
of silicon solar cells as shown in Figure 8A. The system
is assumed to be operating in deep space. The performance

of this system has been investigated for various silicon
cells and reflection filter designs. (The heat transfer
environment is the same in all cases and suct. that the cell
temperatures are determined by the data in Figures 9 through
13).

(b) = Solar Cell Array Equilibrium Temperature Analysis.

—3 P U g N am e
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: The following analysis relates steady-state cell temperature’
to: (a) the incident energy to the cell, (b) the cell
. conversion efficiency, and (c) the reflector-array geometry
" for a Cassegrainian reflector system.

A-‘___.

The following assumptions were made:

_('1) All rediant flux inecident on the cell is either ablorbed

, j . as thermal energy or converted into electrical energy.

: . L _ (Present day cells have high ebsorptivity characteristics.
C ' Tis characteristic is particularly valid for reflector

! ) “ filtering concentrator systems since reriection of

o filtered energy by the cell degrades system overall

: efficiency.) '

(2) A1l solar energy reflected by the primary reflector
. is uniforamly distributed upon the secondary reflector
s of the Cassegrainian system.
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(4)

(5)

(6)

(1)

(8)

(9)

Frissivity of non-reflective surface (hac. -rface)
of primary reflector is .99, attainable w:+h
coatings.

Emissivity of reflective surfaces is 1.0. (Preseﬁt
reflectivg coatings have emissivities of approxi-
mately 0.95.)

Fmissivity of shaded surface of Cassegrainien array
is 0.99, altainable with coatings.

The surface properties of the directly sun-lignted
surface of the Cassegrainian secondary reflector

are:

&= 0,09, (1 = 0.90 (coating properties
aenticipated in the near future).

Uniform distribution of reflected flux upon the
array. (Departure from this assumption is small
for the D/d values considered.)
Absorptivity of the reflective surfece of the
secondary reflector is 0.05 for the Cassegrainian
system. (This is presently attainable for selective
wavelengths.)
The parsboloidal reflector rim-focal point angle

(11lulstrated below) is 50°,
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(10) Thermal gradients within the array as vell as
within the primary and secondary reflectors were
neglected. (These grodients are minimal due to
veight and thermal distortion considerstions.)

(11) Planetary effects such as albedo and surface
radiation were neglected.

The folloving nomenclature vas used to define the heat
transfer snviromment of the (.ssegrainian solar pover

SRERRELRY

Projected area

Surface area

Surface solar sbgorptivity

Solar flux

Array and secondary reflector diamster
Primary reflector dismster

Emnissivity factor

Configuration factor

Stefan~Boltzmann constant

Texpersture (°K)

Flux incident to cell

Peroent osll comversion of incident ensrgy
into electrical energy

Reflective surface of primary reflector
Non=reflective surface of primary reflestor
Surface of secondary reflsctor

Other reflector surface (relative to sl)
Fhotovoltaic ocell aide of arresy

Other surfase of ervey (relstive %o ol)
fipace

L0



(c) Analysis:

T Primary reflector (p)
‘ -

) d __ Becondary reflector (s)

4
!L Arrey ()

CASSHORAINIAN PLUX CONCENTRATION REFLBCTOR SYSTEM
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A heat balance for a Cessegreinian flux concentration
} reflector system can be expressed, in terms of flux
incident to the cell, by the following three equauionss
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The resulting cell temperatures (to the fourth power)

are ghown as Figures 9 to 13 for various concen~-
tration ratios, Cp, as funetions of flux incident to cell
and percent cell conversion of incident energy. The
results in these figures are based on complete absorp-
tivity of flux incident to the cells. Thus, for systems
incorporating flux filtering by the cell, or for systems
incorporating low-absorptivity cells, the results will
have to be modified.

Performance Analyses.

The power output of a solar cell may be increased by
increasing the intensity of the light impinging om it
with a solar concentrating~mirror system. However,

as previously demonstrated, a point is reached at which
an inerease in light intensity produces more thermal -
degradation of the cell than increase in power output.
Figure 14 contains a curve of & typical temperature
characteristic of an experimental gridded "red" silicon
solar cell. A similar curve for a "blue" cell is

shown in Figure 15. Also, the response of the cell
varies with wvavelength and does not best match the solar
spectrum in space. If spectrally selective filters

are used on the surface of the mirror, the wavelengths of
the solar spectrum that contribute more to the heating
of the cells than to the power output may not be reflected
by the mirror but may instead be transmitted by it,and
thus be removed from the working beam finally reaching
the solar cells. With this comtrol over the spectrunm
ani temperature of :the cells, we may choose our operating
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conditioris to meximize the power ocutput for each

d

2
physical concentration ratio, thet is, Cp = (p_) -1,

In the study of this design and performance problem the

following ceses are considered:

(1)

(2)

(3)

(k)

(6)

Experimental 1960 gridded "red" cell with its
maximum power-temperature characteristic used
with ideal concentrator filters.

Heliotek gridded "blue" cell with the “red" cell
maximum power-tempersture characteristic used
with ideal concentrator filters.

Experimentel gridded "red" cell with its maximum

power-temperature cheracteristic used with

*
realizable concentrator filters.

Heliotek gridded "blue" cell with the "red" cell
maxirum power-tempersture characteristic used with
realizable * concentrator filters.

Heliotek gridded "blue” cell with its maximum
power-temperature characteristic used @th ideal
filters.

Heliotek gridded "blue" cell with its meximum

power~temperature characteristic used with

realizable *filters .

The assumptions of the performance analyses are:

(1)

The idesl filters used heve 100-percent reflectivity

in the band-pess reglon and zero-percent reflectivity

in the band-stop region.

# "Realizsble" 1s used in the sense that, given sufficilent
time and effort, it should be possible according to previous
- experience to produce such a filter, although such filters

are not within the present production cepebility.

b .10
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(2)

(3)

(&)

(s)

The spectral reflection and transuission charace
teristics of the realizable concemtrator £ilters
axre shown in Figures 16, 17 and 18.

The response of the solar cell to each wavelength
of solar energy is degraded by temperature in the
same ratio so that the shape of the response curve
remains constant and only its am;plif.ude cha.nges'.

The power outp\;t of 'l;hg cell at con‘sta:}t temperae=
ture 18 & linear function of illumination. (For
relatively low concentrations, this statement is

tm-) . ’ .
The load impedance matches that ot the array tor
any operating condition.

Nomenclature with respect to the spectral cha.racteristicl
of the solar radiation, relative cell response, and
eonccabra@ion filter reflectance:

B

Percent conversion of energy 1ncident on the
solar cell to elsctrical power. .

The number by which the average ‘responss
between )‘A and AB is multiplied to give t.he'
average response between a narrover band-pass
region chosen between limits at an equal height
on the R)' curve,

e/
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Rx The relative response of the solar cell to & wavelength
of light, A.

8 The intensity of the solar energy at a wavelength, A.

A Wavelength.

).‘ A‘B The lower and upper cut-off wavelengths of the solar cell,
14
respectively.

).'1. }.2 The lower and upper cut-off wavelengths of ths filter,
»
respectively.

"1‘ Coefficient of tampsrature degredation of the solar cell.

The following calculations have been performed for two types

of silicon solar cells: ons, called the "experimental ‘red
cell”, has a spectral response curve which peaks at 0.82

micron; the other, commonly called the "Heliotek 'blue' cell"”,
has a spectral response curve vhich peaks at 0.85 mieron.

Gwaphs of both are presented in Pigures 23 and 24, In additiom,
Figures 23 and 2k imeclude, for the ved and blue cells,
respectively, the cummlstive solar energy and power output as

& fraction of the total between A, and A;. ‘The data for "8" is
Just the Johnson Curve, the air-mass-zero solar spectrum in
space neer the earth, where the total flux is 140 -/uz. or
this, the red cell, having cut-off wavelengths of 0.405 micron
and 1.165 microns, responds to 95.8 -/uz, vhile the blue eall,
having cut-off mhncth. of 0.36 micron and 1.20 microns
responds to 103.5 -/- .
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Subgect to the previously stated assumptions, a necessary condition
for filter optimization is that the "cut-on” and cut-off wavelengths
fall at equal values of the relative cell response curve. .This "Rk"
decipgnates the bandwidth used by specifying the region located
between cqual response heights on the response curve of the

cell. The fraction of the solar energy and cell power output
oceurring in the region found by choosing filter band-pass

limits at equal height on the response curve of the cell, is

chown in Figures 21 and 22 for red and blue cells, respectively.

In addition, (Bm - 1) is also plotted, where B, is the multiplier

of the average absolute efficiency, at the reference temperature,
between 5A and XB’ necessary to obtain the average efficiency RS
within the RX limits, as defined in the nomenclature. The power
output of the array for varying concentration ratios and ideal
filter band-pass widths is shown in Figufes 19, 20a and 20b for

the red and the blue cells, respectively.

For both the red and the blue cells, it was assumed in the
calculations that thé average absolute value of the response
between &A and AB at 303°K is 13.3 percent. This assumes an
absolute peak response of the red cell at 25 percent and of the

~ blue cell at only 21.4 percent.. The following analysis and

specific example will indicate how the curves in Figures 19, 20a
and 20b were.constructed.

{c) optimization ProcedureAfor'Ideal Filters.

The first step in the optim;zation procedure is to deter-
mine the method for selecting the bandwidth and the center-
line of the filter passband. A preliminary check shows

that even for the relatively low concentratibn ratio of four.

T —



1% 1s not desirable tc use the total broad=band energy
gsince narrowing the band-pass limits a small amount,

in any arbitrary msaner, has the effect of increasing the
power output. ' '

8ince all of the broad-band energy will not be used, the

portion that is used should be chosen in & manner such that

with any given amount of solar energy input, the average
eificiency of converting solar energy to slectrical energy

will be the highest. This is done by choosing the filter

band-pass limits at equal heights on the responss curve

of the cell. This choice has a twofold effect on ime

creasing the power output for any energy input. First,

with the highest conversion efficiency at a constant

tempersture, the output is highest. Becond, with aore !
of the input energy being converted to electrical \
energy, there is less that is being converted only

into heating, and therefore less thermal degradation.

Nov, it remains to use the curves berein presented to
find the actual opersting point of the cell. This is

done in the ®llovwing example for the experimsutal "red"
cell:

(1) Choose a concentration ratic and R valus. In
this case, selact Cp = b and R = 0.5,

(2) The brosd-band energy vhich, without filtering,
wuld be concentrated on the solar-cell arrey isi
LFY

Seove.™ (Ca) ]S,4) = (#) (15.9)=383.8 s femd

a

b =1k
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(3)

)

L (s)

The energy in the R limit of 0.5 is fownd vith
the help of FPigure 21. From the abscisse of
l). = 0.5, w find the corresponiing ordinate of
the frastioa of; s
5, &2

AA
that 48 in that limit, or (0.534). ‘Thus, o
Secpe. aad rilter ° 383.5 x 0.5 = 204.5 aw/om".
9303.‘ can wow be found, From Figuwe 21,
a.-l = 0.46, or LI 1.46. BHemce, if the average
abaclute valus of the response of ‘m cell between
).‘ and ).. 4s 13.3 perceat, them

Byozex = 1446 X 13.3 = 19.42 peroent,

the average absolute response in the wavelength
limits umw&-o.s. and a8 the tempere~
ture ’3. K.

™he § chesen above vill bde thermally deogreded.
Therefore, the actual P of the cell will be less.

For the first approximation, cheose: § = 14 percess.
Then, frem Figure 10  above the 204.5 wv/ca’®
abosisss, we find the (u-mm)" for p = 24

by isterpelating betweea the § « 10 end § = 15 liase:

!'“(. - lb) .- 166 = 19. .‘h. w?Pe ”‘0’. K.
Frea Pigure 14 ve find the thermal degrafation

ontfisiont te Yeoi
5.0-“

By = 19:08 (0.666) = 18.9 poveens

b=213
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Hence, we see that our estimate of B was too high, 80 we
meke & new lower estimate: . .

B=12.6 T =169 x 105 T = 360.6;

B = 19.42 (0.553) = 12,65 percent.

The two B's now agree as closely as ‘ca.n be expected with
the graphical cccurb.c,iés involved. The power output is
then: . |

P = 0.1265 (204.5) = 24.8 mv/cm®.

Tnis procedure is repea.te;l for & number of RA values for each
concentration ratio until the curves in Figures 19, 20a and

20b are generated. We see that for ea¢h concentration ra.tio,' the
poﬁcr output peaks at higher R values for higher concentration
ratios. Obviously, neglecting size and weight considerations,
the greatest power output will be for R). = 1.00, cR - o2

(r) Results of Performance Analyses.

Psing the methods and the thermal environment data

previously discussed, -the performance of three "ideal" A

and three "realizable'™filters for use with the "red" and

"blue" silicon cells was estimated. Curves for realizable

filters are shown in Figures 16, 17 and 18, in the "dotted-

line" curves. The "solid-line" curves are convenient .
approximations used in the computation. The o
rcalizable filter characteristics were determined for -

us¢ with a "red" cell with pesk spectral response

“See footnote, Page 4 - 10. : - .
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at wavelength A = 0.82 micron. These filters will require from
nine to sixteen or more layers. As the bandwidth narrows, the
number of layers required increases. Each idcal filter has the
same cut-off wavelength as the corresponding realizable filter and
also has zero trsnsmittance in the passband and perfect trans-
mittance outside the passband, as previously defined. For both
the red and blue cells, the solar insolation was assumed to be
140 mv/cn” and the broad-band efficiency (between A, and Aj) of
both cells was assumed to be 13.3 percent at 303° K. This gives
the red cell a peak efficiency of 25 percent, and the blue cell a
peak of 21.4 percent. Thus, it is seen immediately that for equal
broad-band efficiencies, and at high concentration ratio, CR’ the
red cell performs better than the blue. However, for equal peak
efficiencies, the opposite is true.

The computations and results for the ideal filters are shown in
Teble 4 « IV. From Figures 23 and 24, the R, values correspon-
ding to the filter cutoffs were found and tebulated. In those
fev cases where the "left" and "right" values of RA differ by s
small amount, the average is given. The concentration ratios
may be checked against Figures 19 and 20 by noting which curves
peak at the apecified values of Bk Finally, the output power
was read from the peak values of these curves, and tabulated in
Table 4 - IV,

Table 4 = V shows computations mede for the performance of the
realizeble filters.

o~
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It is especially important to note here that the
"experimental silicon gridded 'red' cell" (with temperature
coefficient of 0.0060/°C) and the "Heliotek silicon gridded
"blue' cell" are actual existing cell types. The
hypothetical silicon gridded blue cell, on the other hand,
is & purely hypothetical cell with the same characteristics
as the existing Heliotek "dblue"” cell, except for the
temperature power coefficient which is the same as that for
the "red" cell. This hypothetical cell is included in order
to demonstrate the critical importance of the temperature-
power coefficient. For tomparison with the results in
Table 4-II, the cell power outputs at a concentration ratio
of one and with no filters, except as used on the cell in
all cases, are as shown in Table L-III.

For the higher concentration ratios the cell power outputs
are much greater with the ideal filters than with the
rea.lizé.ble filters; however, for the lowest concentration
ratios the power ‘outputs per cell are only slightly higher
for the ideal filter. The reduction of power output with

the realizable filters is due almost entirely to the excessive
heating effect of the radiation transmitted to the solar
cells by the realizable filters outside their passbands. This
effect 1s relatively less at the lowest concentration ratio 1
since in this case the heat transmitted to the cell cutside *
the passband is small in comparison to that transmitted in

the wide passband. With the ideal filter the maximum power

output per cell occurs at the highest concentration ratio;

however, with the realizable filters the maximum power output

per cell occurs at an optimum concentrationratio between 9 and

L. The curves on Figure 25 are presented for better understanding of

4 -18
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on Figure 25 differ. For these corresponding cases,
the power output of the "red" cells exceeds the power
output for the "blue" cells only as the area under the
solar spectral response curves within the filter passband

" in Figure 25 for the "red" exceeds that for the "blue"

cell. The increase of power of the blue cell with its
proper temperature-power coefficient, 0.0041/°C, is due
to both its lower temperature~power coefficient and to
the filters which are optimum for the "blue" cells.

A Summary Statement of the Elementary Design Conditions
for Optimum Performence of a Silicon~Cell Solar Power
System Using Radiation Filteriny. and Concentration.

The elementary design conditions for optimum performance
of a sllicon-cell soler power system which employs both

" f1ltering. and concentration have been previously dise
cussed and analyzed in this report.

Consider first the case where the greatest maximm pc.>wer.
per cell is sought. For ldeal filters, the filter pass~
bandwidth should be small and et the wavelength ‘of cell
maximum spectral response and with the small bandwidth,

the illumination concentration ratio should be so high
that the combined conditions of illumination intensity and
cell temperature yield the maximum power output. For
realizable filters, the illumination concentration ratio
vill be in the range 6 to 12,depending on the filter
pérfdrma.nce,and the corresponding filter passband limits
will intersect the solar-cell relative response curve &t
equal values on the high and low wavelength sides of the
curve, As the filter performance improves, the illumination
concentration ratio will become higher and the filter pass~
bandwidth will be narrower for the greatest maximum power
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performance. For the case of the maximum power per unit
area of system solar beam aperture, the radiation con-
centration ratio is only slightly greater than unity, even
with 4deal filters. With realizeble filters, the greatest

'power per unit solar beam aperture occurs at radlation

concentration ratio of unity and a concentrator filter
Yyields little, if any, advantage. Thus, it is not to

be expected that radietion concentration and filtering
will yield more power per unit area of solar beam.

MaJjor Conclusions of the System Performance Analyses.

For silicon cell solar power systems operating in deep
space heat transfer environment:

(l) The greatest possible power output per cell with
radiation concentration end filtering is three to
" four times as great as the power output without
concentration and filtering, depending on the cell
performance characteristics.

(2) The feasible power output per cell,with presently
avalleble silicon cells and presently feasible
filters, is three times grester with radiation
concentration and filtering than without concentra-
tion and filtering. This power output per cell will
occur at a concentration ratio in the range 6 to 12.

(3) ‘The maximum power output per cell is critically
dependent on the silicon cell and filter performance
characteristics. '



by bd BE BN R

|

*

PO

TABIE L4 -TI°

Elementary Study of Solar-Cell Output witk Radiation Filtering
and Concentration

Concentration Temperature Filters Power Output
- Ratio, Cp °x (percent)
1 317° None 100
2.2 - Solakote "A" 128
10' - Perfect 282
narrow
‘band
oo 387° Perfect 304
- ) narrow
. band

b o2
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PABLE &= II

SUMMARY OF RESULTS FOR S8OLAR CELL OUTPUTS WITH
RADIATION FILTERING AND CONCENTRATION

Heliotek

i bumg M WD EON N

Solar Cell Experimental Heliotek
Silicon 8ilicon Silicon
Oridded "red" Gridded "blua" Gridded "blue"
Temperature "red! dell "red" cell | "olue” cell
Power, .0060/* ¢ .0060/° ¢ .00k1/%C
Coefficient Figure 5-14 FPigure 5-14 Figure 5-15
Concentration : -
ratio, Gy 16 9 b 16 9 v |6 9 4
Filters ‘
Cutoff Weve- | .77 T2 625 o7 72 625 .695  .630 .500]
(n}:’c‘;‘,‘;ﬁs) .89 92 975 89 .92 .975{.925  .950 1.020
Ideal Filter; ‘
Powera()utput . . 4 ‘
(mw/cn®) 35.25  32.25 26.90 29.60 28.50 25.3(1 ko 38.40 30.70
Realizable 81.120/83 ' 81120/83 . 81230/61
Filters: 8L200/82 81200/82 ' 8L320/79
81.350/80 8L1.350/80 8L520/76
Power Output |}
(@v/cm?) | 15.10 . 24.80 24.80 k.0 22.6 23.7{31.2 35.3 29.5
’ h-23
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TABLE L-IIT

CELL POWER OUTPUTS WITHOUT CONCENTRATION OR FILTERS

CELL . EXPERIMENTAL HELTOTEK HELIOTEK
i SILICON SILICON © SILICON
: GRIDDED "RED" GRIDDED "BLUE" GRIDDED "BLUER"
Temperature- :  "Red" cell "Red" cell "Blue" cell
Power ! .0060/°C .0060/°C .ookL/c¢c
Characteristic ! Figure 5~14 Figure 5~1h Figure 5~.5
|
;‘ ﬂi
Output ! :
 Power i 10.5 Po11.4 12.2
(mw/cma) l :‘i
‘ i

k- 24




TABLE i - IV

COMPUTATION OF SOLAR CULL CUTPUT WITH IDEAL FILTERS
ON ONE CONCESTRATOR MIRROR

4+

Solar Cell

Tc:nporature-{
Power Charac«
- teristic
Concentra= |
tor ratio,

Ideal Filters

Bandwidth }
Microns '
Cutoff Wave=
length -
(microns)

R
Output

Power2
ow/cm

3

o -
—

Experimental
8ilicon
Gridded "red"

"Red" Cell
+0060/°® ¢
Figure S-1k

16 9 b

e g e e

+120 .200

T T2
89 .92

091 0& c&

1
35.25 32.55 2694 29.60 28,50 25.30 |

i

o .
i

Hypothetical
8ilicon
Gridded "blue"

"Red" Cell
.0060/*C
Figure 5.1

16 9 4
120 .200 .350
T T2 625
. ow o% .975
1 RS

Heliotek
84licon

. Oridded "blue"

"Blue" Cell
0041/* ¢
Figure 5.15

16 S 4

320 .520

«230

.630
+950

695
«925

.500
1,020

89 79 .51

k.40 38.50 30.70
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TABLE

L.-v

COMPUTATION OF SOLAR CELL OUTPUT WITH REALIZABLE FILTER
ON ONE CONCENTRATOR MIRROR

!

B R,

] ———
!
1. Solsr Cell | Experimeutal | Heliotek Heliotek
‘ 8ilicon 8ilicon 8ilicon
| Gridded "rea” . Oridded “blue" Gridded "blue"
2. Temperature ‘ "red” cell ,' "red” cell "blue” cell
Power Charac= : .0060/° C | .0060/°C -00kL/%C
teristic . F S=1k | Pigure Sellh Figure 5.15
3. Concentration ' 16 9 b 16 S b 16 9 b
Ratio, Cp | j
Filters: , 2 ‘
k. Bandwidth | W20 4200 4350 .120  .200 .350 i .23 .320 .520
Microns -
i |
f f . '
5. Cutoff Wave= | .77 T2  .625| T iTe 685 . 695 .630 .50
lengths, ; ‘
Microns N R 975! .89 9 915 .925 .950 1.020
| -
! { .
6. Filter I 81120/83 - | s1120/83 " 8L230/81
" Number « 81200, | g1800/02 . 81.320/79
8L350/80 - 85.350/80 81.520/76
To R, 9 e B 98 e 5 B 79 L5
Fraction of Solar
Energy between
M sad Ay
8. (M 29 43 M AT @ M0 @5 T .6
S5(\NdA
. ‘3 3
. T j
; S()dA |
o :
L,nmw!‘.&., — - ‘ 2 }

be 26
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9. Reflectance
rraction of solar
energy in two
bands: A, to A

I

11'

(8)+ (9)+ (10}

12. Incident flux,
jdeal filter,

Ap
C)n(8) =\ S N2

13. Flux Iincident to
cells with realiza-
ble filters

Ag

(C) (1) « éAdA

1k, Cell temperature,
ideal fillter

15. Cell temperature

and X, A

Reflectance x
fraction of

solar energy
outside range

of LA tokB

Sum:

M

(/)

A

K

realizable
filter
°K

(mv/ca’)

RYLS:

W02

Lhs

390

443

.02

198

20h

355

e v (Rnﬁﬂd)

.0€

.02

.52

169

199

3k2

358

.GE

.02

.27

291

L4s

4. a7

008

.02

.31

198

28k

.0¢

02

169

199

343

359

St .06
.02 .02
L} 3)‘ .’bs
14 34k
564 k2o
424 Loé
e 430

*
'umbers in parentheses refer to correspcniing item numbers on this pe. .

.03

-TO

269

2%

386

395



. TABLE 4 - V (cont'd)

16. Temperature A7 .68 .76 L6 67 «TU 51 .58 .66
degradation ’
factor, ideal
filter

17. Temperature 16 45 67 .15 A .66 o31 48 .62
degradation
factor, rea-
lizable filter

18. Fraction of cell .26 .40 68 .20 35 62 .29 JAs <77
response between
xl and ).2

M.
Ss(x)R,\aO

A

jatS(k)inl\

A
190 Reflect;lnce X 007 .“ uos .08 o“ .O‘G 007 005 .02

fraction of —
solar radistion
outside range

')‘1 to "2

R« [@-08)]"

Bum: ¥ '
(18)+ (9) 33 .6 1 .28 M 66 (.6 S0 .9

Output of cells 35,25 32.55 26,90 29.60 28.50 25.30! 4l.bo- 38.50 30.70
with ideal filters
nv/cnl

2l. Ratio: . ; :
(l XQO) o"3 T R R 7S +T9 95
(16)x(18) .

oT5 .52

&ugu:':{;:_m 151 .8 24,8 1h.0 22,6 23.7

ble filters
av/ca®

.2 35.3 295

: r—~_‘ et e e
b
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'Su footnote on preceding page.
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TABK %, Silicon Solar Cell Performance (Craracteristic:

The developmernt of filters and corncertratars to be used 1n
systems [or fhe convercior of snoar radiatlon to electrical
pover bty means of silicon photovoitaic cells requires wide
and accurate knowledge of the silicon cell performence characw

teristics.,

Phase 1. The principal characteristic curves for silicon

soler cells are:
X > =

(1) Curves of cell current vs. cell volitage for various

illumination intensities and temperatures.

This date is for a constant, usually a standard,
temperature and for the same spectral distribution
of energy in the incident rediation. A typical
gilicon cell I-V curve is shown in Figure 26,

(2) Cell maximum-power output.

At a particular point of each I«V curve the cell
output power determined by the product, P - VI, is
a maximum. The maximum power points are located in
Figure 26. The maximum power outputs for a cell are
to be identiflied with the same conditions as the
I-V curves from which they were determined, i.e.,

~ the angle of incidence, the temperature, and the
inteneity and spectral energy distribution of
radiation. At maximum power,

P=Bos VoV, T=1 .

(3) Temperature effects on P, V  end I .
FPigure 26 shows a typical set of I-V curves for

various temperatures. In Figures 27 and 28 maximum

power, Pw; voltage at maximum power, Vmp, and
current at

L - 29
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I =,Imp (all for the I-V curves of Figure 26) are plotted as
functions of temperature. The effect of temperature on cell
maximum power 1s usually presented as relative efficiency at
‘maximum power, as, for example, in Figures Ik and 15 which'
consist of the curves for an experimental gridded "red" cell
and for a typical Heliotek gridded "blue" cell.

"(4) Effect of illumination intenmsity on cell maad.mum power output, .
maximum-power-point voltage, and efficiency.

This data is  plotted in Figure A-4 for experimental cells A-N-12
end A-N-16. The I-V curves for these cells are shown in -

Figure A - 2, Also shown in Figure A - 4 is the effect of
inereased insolation for three hypothetical cells of similar
characteristics to the aforementioned experimental cells, except
that the three hypothetical cells have series resistances of

0, 0.5 e.nd 1.0 chms, respectively

(5) Relative spectral response.

" The rela.tive.spectral respongse curves of an experimental
‘gridded "red" cell and of a typical Heliotek gridded "blue"
cell are shown in Figures 23 and 24. The relative spectral
response is demoted by R(A\) and is defined as the following
‘ratio:

. Short circuit current per unit incident ratistion intensity

R(x) = per unit of spectral bandwidth, st the wavelength, A. '
Peak va.lue of the short-circulit current per unit incident
rediation intensity per unit of spectral bandvidth.




m—

Y.
e et

P}

(¢)

B

It is assumed in the performance analyses in this report that
silicon-cell maximum power response to a broad spectrel band of
high intensity radiation is ’

{
- \
Prax = Pamax | R(A)S(A)dn (1)
where pAmax = solar cell ma’cimum power per unit of

spectral bandwidth and per unit of
1llumination intensity at A = Npax’ and
Nuax A at which R(A) = 1.

L]

The exact extent to which Equation (1) is valid remains to be
investigated and determined. In support of the supposition
represented by Equation (1), it is well known that the maximum
power output to broad-band illumination is, except for small
effects due to cell series resistance, proportional to the total
11lumination, as indicated in Figure A ~ 3 (revised). As
indicated in Figure A - 4, the maximum power voltage changes

very little with illumination but, as is well known, the cell
short. circuit current, Isc’ and the cell maximum power current,
Imp’ are both for cells with acceptably small series resistance

proportional to illumination intensity.

The effect of cell series resistance on I~ and I, as functions
of cell illumination, is presented in Figure A - 3 (revised).

(The series resistances of Heliotek gridded "blue" cells ere in
the range 0.30 to 0.18 ohm.)

Silicon cell assembly spectral normel absorptive characteristics.

The spectral normal absorptance is the ratio of the energy
absorbed by the surface to the energy incident upon it

b3l
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for normally incident radiation at any particular wavelength.

. The spectral abscrptance of the cell assembly is important

with respect to: (a) radiations for which the cells yield
power, (b) radiations which merely heat the cells, and (c)
ultraviolec radiations which may damage the cell cover adhesive.
Since the silicon cells are opaque in the spectral range of
interest, normal ebsorptance may be determined from measurements
of reflectance. The absorptance and reflectance, as well as

the relative spectral response, are important for‘angles_of'
incidence less than 905 in some applications. The spectral
ebsorptance of the solar cells is closely related, physicclly,
to their spectral emittance

Silicon-cell assembly hemispherical total emittance

"Hemispherical total emittance is defined as the ratio of:

(&) the total energy radisted at all wavelengthe from e surface
to the hemisphere‘of‘spgce sirrounding the surface, to (b)

the total energy radiated at all wavelengths by & black body

at the seme temperature. This emittance is critically important
with respect to the operating temperature of the silicon cells.
For solar cells with spectrally selective absorptance, the
spectral emittance is also selective, and thus, the hemispherical
total emittance may vary. somewhat witli temperature. The hemis-
pherical total emittance of silicon cell assemblies is measured
by existing techniques. An example of emittance messurements for
e Heliotek gridded silicon cell covered with a Solakote "B"
filter is presented in Figure 29.

In addition to the discussion of the serious effects of cell
series resistance on maximum power output, the report
by M. Wolf and Hans Rauschenbach, "Series



Phase 2.

.X-
Resistance Effects on Solar Cell Measurements;' also in-

cludes a careful discussion of the relation of illumination
intensity to the I~V curve and hence to meximum power out-
put. This relationship is such that at constant cell tempera-

. ture the I-V curves for various intensities of illumination

all fit upon each other (to a good approximstion) when
shif‘t‘ed,both (a) vertically, by an increment of .current due
to the increment of illumination, and (b) horizontally, by
a voltage drop due to the increment of current flowing in
the series resistance of the cell. An example of I-V curve
shifting is shown in Figure .30 ; the I-V curves for the
solar irradiances 100, 200, and 300 mw/cma, which all fit
the curve for 400 mw/cm2 quite well. This method of I-V
curve shifting can be used to determine the "light current"
and to estimate cell series resistance.

Summary of Silicon Solar Cell Characteristics Relative
to the Performance of Solar Power Systems with Radiation
Filtering and Concentration.

The following characteristics of silicon photovoltaic
cells are critically important to the attainment of high
performance of solar power systems using concentrated .
and filtered radiation on such cells: :

(1) short circuit current spectral response.
(2) Temperature degradation of maximum power and voltage,

(3) Spectral normal absorptance.
(4) Hemispherical total emittance.

Of course, high maximum spectral response occurring in the
spectral region of high solar irradiance and small tem-
perature degradation of maximm power will each contribute

*Baper No. CP 11006 presented at the American Institute of Electrical Engineors
meeting, 23-25 August, 1961 at Salt Lake City Utah. (Included in revised form )
as appendiy of Spectrolab Technical Summary Report No. 2, June 1961, this contract :)
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to high system performance. Also, it is highly important
that the series resistance of the cells be suitably small
so that at high illumination intensities the response
remains proportionsl to illumination intensity. As the
power system analyses in this report show, the temperature
degradation effect is a major one, especially at the

high temperatures which occur at high radiation intensities.
The spectral normal absorptance is of importance since it
is desirable thet the radiation which is converted to

power be absorbed and the radiation which would merely

heat the cell be reflected. Also, the hemispherical total

emittance of the solar cells should be high in order that
heat may be rejected by the cell at favorably low tempera-

tures.

As a result of the foregoing solar power system analyses,
more specific criteria have evolved with respect to solar-
cell performance characteristics.

b - 3k
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Task C.

Fiitér Performance Characteristics.

The system performence snalyses of this report consider Ll
"ideelized" filter as well as filters which are physically
ettainable. Ideally, the filters shox;ld permit all radiation
within a particular spectral band to reach the cell faces and
should prevent all radiation outside this passband from
reaching the cells. Under actual physical conditions, less
then this ideal will be attained. It should be possible to
produce filters having characteristi.c curves corresponding
to those in Figures 16, 17 and 18. As indicated in the
performesice analyses, the performance of the solar power

system is critically dependent on filter performance.

Elementary considerations indicate that the best system

performance wlll be attained in systems using both filtering

and concentration by accomplishing & major part of the

radiation filtering at the -concentrator surfaces. Additional

improvement can then be attained by means of covers on the

solar cells. These covers should be designed for optimum

performence specifically with respect to:

(1) The protection of the solar cells from demage by
contact with other materisls and the atmosphere.

(2) The protection of the solar cells from demage by
electron bombardment in space.

(3) Hemispherical total emittance.

(4) Additionel filtering of radistion.

All of the aforementioned must be attained without serious impaire
ment of the trensmission of the radiation effective in ylelding
power ocutput.

b - 35
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The ceil cuver rilters should r~{i-oh strorgly o tr speciial srges vhere

the coreentvator refleckor {ditere transmt strongly.e On the 1oog wavelenygth
gide, this range is approximately fron 1 tn U micions. BeyorA L omicrons the
a1l covers rust emit stromgly, as 9% of the Ylack THdy radiatiw is of
wavelengths greaber then b4t microns for a ILL)DG C surtfacs. For bigher temp-
eratiwres, as may result i concentrator filters ave ot emwpleoy=d, the eell
aogee FI14on s wold have by eardt ol 2y oat @liovhes waveTooreil o veh

filters would be difficult to peoduce.

Since excellent cell filters alieady exdst whickh taks inbe sco~ut the
aforemertionad requirements, the studies discussed irn this wep-l were
primarily coreerved with the wuss 0 LLiders on fl comerndpar v suefaces.
Moreover, reflectlon filters were comsidered, cxclusively, sirre this type
of filter has better performerce charscteristics axd ir wors sulteble,

prysically, to the optieal arrangement of the syshem,

L o34
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Task D. Experimental Mirror Filters

Phase 1. Fabrication of Experimental Mirror Filters

8) Mirror Filter Specifications

Appendix <A of this report consists of specifications \
which were formulated, on the basis of the performance '
analysis, for three types of mirror filters. Figures !,
130T and IIT.. are idealized filter performance curves
for filter types SL 120/83, SL 200/82, and SL 350/80,
respectively. (These curves correspond to the idealized
"step function" type curves which are shown with
engineering approximation curves in Figures 16, 17, and 18).
The glass substrate dimensions for the mirror filter are

o |

shown in Figure IV..

—
ek

b) Liberty Mirror Filters

-

The Liberty Mirror Division of Libby-Owens-Ford

. fabricated 18 filters, six samples of each filter type,

; ! which were to meet the established specifications.
Spectral transmittance data was obtained on these filters

} ! at Spectrolab using & Cary Model 14 Spectrophotometer.
Table L-VI compares the Liberty mirror filter performance

’ .data with the specification requirements. As the filters

did not meet the specifications it was necessary to reject

then.

%
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TABLE 4-VI

COMPARISON OF LIBERTY MIRROR FILTER

DATA WITH SPECIFICATION VALUES

59 e ey o mE e

Filter Passband Passband Slope

Type Center Width .

‘ Tolerance Tolerance Spec, - Actual
ﬂ Sﬁc. ’Aglgga.l ‘S'Eec.‘ Actual | Short | Long Short | Long
: s1120/83 Y10 +80 |t10| +240 [ > -.0003|¢.0003 ] -.0006 | .04
| S g
ﬂ sr200/8d *20| +100 | T20f + 200 ) -.0003 | <.0003 | -.0017 | -.003
! .
{1 sL350/89 * 30| +80 |¥f30] +150 » -.0003 | . 0003 | -.003 . 0045
||
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Spectroleb Mirror Filters

Since the Liberty Mirror filters did not meet the specifications which
had been formulated for the three types of reflecting filters (see )
Appendix A) they were rejected and Spectrolsb undertook the fabrication
of the required filters. Initielly 18 filters were fabricated, con-
sisting of six filters of each of the three types, i.e., SL 120/83,

SL 200/82, and SL 350/80. However, since the datae obtained on the
first group of SL 200 type filters did not fully meet expectationms,

a second group of this filter type was febricated.. This second group

was prepared in thinner glass, end later its thickness was built up

with pla;in glass to facilitate hendling in the mirror test apparetus.

The m;lrror filters fabricated for this program were based on standard
configurations. Once the specifications had been determined the Vacuum
La.'bofatory undertook & survey of available configurations to determine
which were adaptaeble to achieving the design goals. Generally speaking,
the;'e is available a file of thin film configurations to prévide reflec-
tion bands with various characteristics. These can be modified, within
limit_s, to produce certain desirable shifts or changes of the optical
characteristics. Each configuration hes been determined theoretically
and the sequence of layers and their opticeal thicknesses computed on
the basis of the optical properties of the dielectric materials chosen

as the optimum compatible compounds.

The configurations found most adaptable for approeching the required
spacifications were computed for zinc sulphide (ZnS), leed fiuoride

(PbFp), end cryolite (NaAlFg) as the dielectric compounds.

k-39
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A reflection bard centered at a specified wavelength cen reaaily be
esteblished by the eppropriate choice of materials havirng indices of
refraction sufficiently disparate to provide constructive reinforece-
ment when the meterials are deposited in alternate layers of the
required optical thicknesses. The other optical properties,
particulerly trensmission end sbsorption, must be such as to prrvide
the oversll finsl optical characteristics, The intensity of 1l=

reflection is determined by the number of alternate layers deposited.

The width of the band is determined by the disparity of the indices
and/or the choice of —%—- multiples. Thus, in the case of the

3L 350/80 specification, it was desired to fabricate a reflechor
with a bandpass of 350 mum centered at 800 mpa. An indicated
configuration was established as being achieveble by depositing
alternate single querter-wave layers of Zn3 end NeAlFg. .In the
case of the SL 200/82 mirror filter ggep;fication, the choice was
a quarter-wave leyer of NeAlFg alternated with three quarter=~
wave layers of ZnS; for SL 120/83, the choice was single quarter-
wave layers of I’bF2 alternated with single quarter-wave layers of

NaAlFg. -

In order to arrive at the best possible approximation to the desired
specificatiors, numerous variations of the general theoretical
approach were run. The following is a summary of certain typical

varistiors:

B ——————
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TABLE 4.VII

Typical Experimental Configurations
Iuvestigated in Filter Fabrication

Filter Type

Experimentel Configuration

(Spec. No.) No. of Layers Meterials
(alternsting)
SL 120/83 9 3/4 A ZnS
3/% X NeAlFg
11 3/ A NeALF,
3/4 A ZnS
11 M4 ZnS
A/ Po Fy
SL 200/82% 15 AL 7ns
)-/h. N8A1F6
9 3/4 A Zng
3/4 A NeAlF,
15 My Po F,
SL 350/80 13 A/l ZnS
Ay NaAlF6

* Typical configurations used in both SL 200/82 I

and SL 200/82 II.

C e s o o — -
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It is apparer* that if meterials ere deposited to achieve constructive inter=
ference for a specified wavelength, then at points in the spectrum corresponding
to other odd multiples of quarter-wavelengths there will occur otheyr reflection
bunde. For intermediste points there will occur bands of partial reflection, so
thet o renge curve of the reflection filter will show characteristic dips and
peaks on elther side of the desired band. In order to reduce these dips and
meke the trensmission outside the pass‘ba.nd reasonably smooth, it is necessary
+0o adjust the thicknesses of the alternating layers in & systematic way. This
is effectively a method of compensating to adjust the thickness at the points
where the dips occur. There is an obvious limit to the practical use of this
technique. However, it was used in this program to the extent that predictablle
sequences were avallable. Numerous runs were made usiné both glass and mylar

as substrates.

From a mechanicel viewpolnt, mylaxr wes not too successful. It sags and bends
in the tank, and efterward the coating flekes off. In genersl it is difficult

to work with.

Extensive refinement of present configurations, or possibly the computation of
an en’c‘irely new configuration, would be the minimm requirement to establish
a configuration which would achleve the practical optimum. Either choice would
entell extensive use of an eutometic computer and fabricetion of experimental

filters to check the validity of the computations.

It is felt that the reflection filters prepared and submitted under this program
represent & good approximation to the established design goals within the limits

determined by aveileble configurations.

b - k2
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Som: mertion should be mede of the fact that in eddition o the

theoretical limitestions set by the nature of light itsel+ and the

physical properties of the materials chosen, there are alsc instru-

mertal end other factors which have & direct bearing on the practical

achievement: of a desired configuration. Such factors are the precision

to which the thickness of a dlelectric layer cen be measured, the

i

reliability and reproducibility of the electronic measuring devices,

etc.

sy
R —

- The reflection filters submitted under this contract are experimental

in nature and fabricetion. They were prepared for laboratory and
i limited field evaluation. Therefore, certain precautions should be

noted as regerds use and handling. The film surfaces should not be

I handled or touched., Removal of dust will be best accomplished by
gentle brushing with a soft cemel~hair brush or by means of a soft
paper tissue saturated with xylene drawn gertly across the surface.

T The use of other chemicals, including water, should be prohibited.
- Phese 2., Spectral Transmittence of Spectroledb Mirror Filters

Spectral transmittance data was obtained on the filters at angles of

ircidence in the range of 0° to ‘506 using & Cary Model 14 Spectro-
l thotometer¥ Figures 31, 32, 33 and 34 are typical spectral trans-

mittance curves at O° incldence for the four sets of filters. Since

f—

the mirror filters are fabricated using 1/ hein, glass substrates, the

resulting displacement of the team at angles of incidence other than

o

zero introduced certain errors. These hLave been corrected by dividing

 —

the transmission curves of the filters by that of clear 1/ Yein, glass

in the wavelength intervals of interest.

-A_,..,

) * The spectrophotometer transmittance data obtained on the four sets of mirror
I filters is included in Appendix B of this report as Figures B-1 through B-lk,
{
[
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An examinalion of the various transmission curves shows that the mout fare

oy N

- reaching eftect on the efficlency of the filters caused by vervin, the

engle of iancidence is the varietion in the cut-off wavelengths, o and 3.

The curves of cut-off wavelength as & function of angle of incidence for the

gy |

o groups of filters are shown in Figure 35. As indlcated in the figure,

the cut=-0ff wavelengths decrease in value as the angle of incidence is

——y
U

inevcased from 0° to 500 for a8ll three filter types. The mean transmittence
’ of the filter types and energy fraction reflected is summarized in the fole-
lowing table:
TARLE L.VITI

| Mean Trensmittance and Energy Fraction Reflected In Each Spectral Region
/ of Spectrolab Mirror Filters

SPECTRAL REGION C
K X<xz A <AL Tx>as
) ) L | Energy © s &~ [Energy ‘ Energy
. Filter Trensmittance Fraction Irensmittance {Fraction Transmittance [Fraction
l' 1  Type ‘ Reflected Reflected Reflected
BL=120 5% 35% 5% 306 | 65% 35%
} .
(] SL-200-I 65% e 5% vt | 5% 20%
i | sugoo-11 80% 20% ; 5% - 45% | 556 | 35%
E [ .
| osmezso ] 75% 20% 2% 50% | 556 | 30%
g N

..-w‘\
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The varietion of cuteoff with angle of incidence can be minimized, However,
significunt improvement can be achieved only through much time snent in
experimentation, The optical path differerce ir interference films varies
ag the cosine of the angle the rays mske with the normal to the surface of
the film., Hence the thickunesses of the film could be graded +to take into
accownt the expected angles, or in the case of a curved surface, to take
irto account, the comntinuous varletion in angles. The easiest way to achieve
such a gradstion 1s to produce & reflector by mechanically joiring segments
or zones, each of which were coated for a specific average angle. The same
result may be achleved on a one=plece reflector by mesking off zones and
ccating escl one separately. This would be hazsrdous, however, as one
stands the risk of speiling a carefully performed, tedious task by a
misapplication near the finish. Even more desireble would be to insert
defiecting masks in the vacuum I:poegition tank to achieve the desired
result. However, this would be the most difficult method to develop and

would require much time and effort spent in experimentation.

Without such modifications, one could seek & reflector design which would
have ornly a small veriastion in angle, es this would minimize the variation

of cut~-off wavelengths.
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Phase 3,

£ 1:-;:;. of Experimertal Mivror Filters on Solar Fower S)vc o
F-rtormance,

Dete was obtained ou the 24 experimental mirror filters tabricated
at Spectrolab to determine the corbined effect of the filtering

and radiation concertration on solar cell performance for concen=-
tration ratios in the range from one 2 six. .'I’he filters were
tegted in four 6-sample groups: <oné group consisted of Type SIL 120,
two groups comsisted of Type 8L 200 (designated as ST 200-1 and

SL 200-II), aud one group consisted of Type SL 350.

a) Experimental Procedure,
The mirror filters were tested in collimsted sunlight at Table
Mourtair using the apparabus shown in Figures 36 through 3v.
Tata was ottained ueing a four-cell module consisting of a
geriss connection of two pairs of ceils, each pair conneéted
ir. parallel. The celils used were Heliotek gridded blue P/N
2illicor. golar cells whise relative spsctral response curve 1is
given in Figure 24, A¢ a control to evaluate the effects of
the mirror filters, two I-V curves were ohtained for the solar
¢ell wodule for direct suxlight, l.e., without the filters.
Data was ther obtalned o current versus voltege, light
intensity, and cell femperature for each filter-type group,
with the solar cells racing the filters to receive reflected
light: firet, & sirgle wdrror filter was used; thern two,
three, fouw, five, and the totel of gix. The deta was taken
for three values of i (the argle of incidence) i.e., for
1 = 5°% 10°%, and 15° The 18 date runs described were re-
peated for each filter group, so thet I-V curves were obtained
uzing one to six mivror filters for each of the three angles

tor each f=Filter group.

[
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b) Deta Keduction.

A total of Th I-V curves were run, 18 for each of the four sets of six
mirrors: 8L 350, SL 200;-II, SL 200~I, and SI 120; and two with the

panel facing the suﬁ. The data for each set of four runs was reduced

to standard conditions of 100 mw/ em® (intensity of incident sunlight)

and a standard tempersture of 28° C for the SL 200-II, SL 200-I, end

8L 120 filters. In the case of the SL 350 filters, a standard temperature
of l;SO C was selected In order to avoid the error introduced by msking too
great a temperature correction. Figure 40 shows the I-V curve obtained
uging direct sunlight on the bare cells and corrected to 1+5° for comparison
with the curves obtained for the SL 350 filters. Figure 59 shows & similar
curve, corrected to 28° ¢ for comparison with the other three sets of

filters, 1.e., the SL 200-II, SL 200-I, end SL 120 filters,

Figures 41 through 58 are the I-V curves obtained for the SL 350 reflecting
filters: Figures 41 through 46 for a 5° angle of incidence and concen~
tration retios from ome to six, respectively; Figures 47 through 52 for

e 10° angle of incidence, and Figures 53 through 56 for a 15° angle of
incidence. The other sets of curves are similarly-grouped and numbered,

as sumarized in Teble L4-IX.
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TABLE L-IX

Figure Numbering Syetem* for Reflection Filter I~V Curves

[ Filter type TFigure Numbers*
1 =50 1 = 10° 1 =15°
SL 350 41 - 46 ¥ -52 | 53-58
SL 200-II 60 = 65 | 66 -~ T1 : T2 - TT
SL 200-I 78 - 83 8k - 89 90 = 95
SL 120 96 - 101 102 - 107 108 - 113

¥ The six curves of each get were obtained by varying the concen-

tration ratio from one to six, respectively.
¢) Discussion of Results.

All of the curves obtained follov; the pattlern generally expected, with
three exceptions. Figures 65, 82; and 83 are slightly inconsistent
with the general pattern, probably due to misalignment of one mirror
wh:léh would have the effect of slightly reducing the concentration
ratio. Since sufficient date is presented in the remainder of the

curves, reruns of these three sets of date appeared unnecessary.
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A short summery of the pertinent date from the curves of a typical set
(SL 350) 1s as follows:

Short Circuit Current Data for SL

Do e e oS OO ey e -

TABLE L-X

(100 mw/eme, 45° C

50 Mirror Filters

Angle of incidence Concentration Ratio Short-Circuit

(¢R) Current

Ige (m"S
o° bare cells to sun 107
1i=5 CR=1 68

o

5 2 139
50 3 209
5° 4 277
5° 5 33k
5° 6 393
10° 6 389
15° 6 374

It is interesting to note that each SL 350 mirror produces a short-circult

current of about 65 percent of that produced by direct sunlight on bare

cells. The effect of angle of incidence is noted in the last three items

in the table, where, for CR = 6, the short-circuit current drops slightly.

This is due to two effects. First, the angle of incidence of reflected
11gh1; on the cell increases, and cell response is proportional to the
cosine of the engle of incidence for angles up to about 40O° and falls
off more rapidly for greater angles.
reflected 1light on the cell is double the angle of incidence of sunlight

on the mirrors, the cell angle of incidence varied up to 30° in these

Since the angle of incidence of
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tests. The se;:ond effect, due to the shift of the passband of the
filters toward the lower wavelengths for greater angles of incidence,
pushes the reflection band slightly toward the region where the product
curve of relstive cell response and spectral solar intensity has a
higher value, thus cancelling part of the expected reduction of short-
circuit current due to increased angle of incidence. ‘However, out in
space, after equilibrium temperetures have been established, the lowered
efficiency due to increased temperature will have the opposite effect,

and the shift toward a greater value on the product curve will produce a

lessening of the maximum power.

4 - 50
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Section 5

OVERALL CONCLUSIONS

The employment of concentration and filtering of the radiation
incident. on the photovoltaic cells of solar power systems will
afford va,luﬁble improvements in cost and weight of solar power
systems, These improvements will result from increased power

rer cell, but not from increased power per unit solar beam areg.
The asvailable increase of power per cell will significantly reduce

system cost and weight, however.

Tue efficiencies of concentration depend strongly on the spectral
proyeriies of the filters. The desired properties are not yet
within the present production capability of the art of filter
tabrication. According to previous experience, it should be
possible, given enough time and effort, to improve the presently
attainable filter. to the extent that their spectral properties
match thoge herein identified as "realizable".

S ———



. Section 6

RECOMMENDATIUNG

1., Improve filrer properties and fabricate reflection filters

or, concertrator surfaces. ) ;

2. Tevelop adeguate methods of performance analysis:

I] (a) Use test resilte to def'ine and determine a valid
relal ive gpectral reaponse of solar cells including

tenperature effecte,

[P

(v} Teweilop methods and obtain data for computing cell '

temperatures in solar power systems ia deep gpace, in

._..\

carth orbit, and, in particular, on the swface of
the earth.

3
e

Estanlish complete, dstailed mathematical methods

for designing photovcoltaic solar power systems which
are optimum for specified performance, cost, size and
weight.

3. Desigr ard evalumte prototype solar power gystems for particular

aprlications.
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(A) Bolar Fower System I
(Cassegrainian Mirror System)
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Figure 8.

(B) Solar Power System II

S8colar Concentrator Configuration.
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REFLECTION FILTER SPECIFICATIONS
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APPENDIX A

REFLECTION FILTER SPECTFICATIONS

Pertormance .

The idealized filter performance curves are shown in Pigures I, IT and

III. The tolerances within which the actual filters may perform

relalive to these idealized curves are:

a)

L)

d)

f)

The reflectance passband centers shall be within

r 0.01, + 0.02, + 0.03 micron of the nominal value for
filter types SL 120/83, SL 200/82, and SL 350/80, respec~
tively.-

Tne reflectance passband widtnhs shall be within + 0.01,
+0.02, + 0.03 micron cf the nominal values for filters

SL 120/83, SL 200/82, and SL 350/80, respectively.

The mean slope, defined as microns per unit of percent
transmittance, of the reflectance passband limit on the
short wavelength side shall be greater than -0.0003 and on
the long wavelength side, less than 0.0003 in the range of
transmittance 10% to 80% for all the filter types.

The transmittance in the reflectance passband, in a
renge 0.06 micron less than the nominel passband width
for each filter typeyshall not exceed 3%.

The mean transmittance on the short wavelength side

between 0.35 micron and the short wave limit cf the pass-
band shell not be less than 90% for all filter types.

The minimum transmittence in this range shall exceed 83% for

each filter type.

The mean transmittance on the long wavelength side between
the long wavelength limit of the passband and 1.6 microns
shall exceed 82%, 85% and 874 for filter types SL 120/83,

SL 200/82 end SL 350/80, respectively. The minimum transmittance .’

A-1
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ormance .

idealized filter performance curves are shown in Figures I, IT and

The tolersnces within which the actual filters may pexform

relative to these idealized curves are:

a)

b)

The reflectance passband centers shall be within

1 0.01, + 0.02, + 0.03 micron of the nominal value for
filter types SL 120/83, SL 200/82, and SL 350/80, respec~
tively.:

The reflectance passband widths shall be within + 0.0lL,
+0.02, + 0.03 micron of the nominal values for filters

SL 120/83, SL 200/82, and SL 350/80, respectively.

The mean slope, defined as microns per unit of percent
transmittance, of the reflectance passband limit on the
short wavelength side shall be greater than -0,0003 and on
the long wavelength side, less than 0.0003 in the range of
transmittance 10% to 80% for all the filter types.

The transmittance in the reflectance passband, in &
range 0.06 micron less than the nominal passband width
for each filter typeyshall not exceed 3%.

The méen transmittance on the short wavelength side -
between 0.35 micron and the short wave limit of the pass-
band shall not be less than 90% for all filter types.

The minimum transmittance in this range shall exceed 83% for

each filter type.

The mean transmittance on the long wavelength side between

the long wavelength limit of the passband and 1.6 microns

shall exceed 82%, 85% and 87% for filter types SL 120/83,

SL 200/82 and SL 350/80, respectively. The minimum transmittance .

A-1
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in this range shall exceed 12% less than the nominal values
for each filter type.

g) Maximum variation in filter reflectences and transmittances

over the filter face shall be less than + 3%.

Construction

The filters shall consist of a single filter stack on a glass sub-
strate. For substrate dimensions and specification, see Figure IV.

Environmentel Integrity

l.

2.

3‘0

These filters shall endure use and handling outdoors by trained
personnel in all atmospheres, including contaminants encoun-
tered within the continental United States of America.

The exposed surfaces of the filters shall withstand cleaning by
light dry brushing and washing with water and & mild detergent.

The standard of comparison with respect to its integrity in its
environment and use, shall be an aluminized front surface mirror

with silicon monoxide overcoat.

‘A-2
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APPENDIX B

SPECTRAL TRANSMITTARCE CURVES

for

EXPERTMENTAL REFLECTION FILTERS
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Appendix B
Spectral Transmittance Curves for Experimental Reflection Filters.

This Appendix consists of 44 spectral trensmittence curves for the reflecting
filters fabricated by Spectrolab. The curves.are photogrephic reductions of
the data recorded by e Cary Model 1k Spectrophotometer using e tungsten light

source.

Figures B-1 through B-24 are transmittance curves at 0° angle of incidence for
the reflecting filters used in the Table Mountain tests. The first group of
six curves (Figures B-1 through B-6) consists of data for the Type SL 350
filters, the second group (Figures B-7 through B=12) for the SL 200-II filters,
the third group (Figures B-13 through B-18) for the SL200-I filters, and

the fourth group {Figures B-19 through B-24) for the SL 120 filters.

Figures B-25 through B-44 show the variation in spectral transmittance with
angle of incidence for one representative filter of each type. Figures
B~25 through B-29 are transmittance curves for an SL 350 filter for L1 =
0%, 10°, 20°, 30°, and 45°, respectively.

Figures B-30 through B-34 are similar curves for an SL 200-II filter,

" Figares B-35 through B-39 for an SL 200-I, and Figures B-40 through B-ik

ior an SL 120.
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